We present a quantum network approach to real high sensitivity measurements. Thermal and quantum fluctuations due to active as well as passive elements are taken into account. The method is applied to the analysis of the capacitive accelerometer using the cold damping technique, developed for fundamental physics in space by ONERA and the ultimate limits of this instrument are discussed. It is confirmed in this quantum analysis that the cold damping technique allows one to control efficiently the test mass motion without degrading the noise level.
I. INTRODUCTION
When discussing ultimate limits in ultrasensitive measurements, we have to take into account fundamental fluctuation processes as well as a realistic description of the measurement device. This requires to treat in the same theoretical framework a number of problems which are often tackled by different approaches. Real measurements always have a finite time resolution, that is also a characteristic frequency bandwidth, as well as a finite duration. The measurement is never infinitely precise and fluctuations are superimposed to the signal. Ultrasensitive measurement devices often make use of active systems either for amplifying the signal to a readable level or to make the system work around its optimal operating point with the help of feedback loops. Feedback loops can also be used to modify the natural frequency response and, in particular, to perform an optimal damping of moving elements.
The aim of the present paper is to develop an approach of ultrasensitive measurements taking into account these various problems. In particular, we want to treat thermal as well as quantum fluctuations for systems containing active as well as dissipative elements. The approach will be illustrated by analyzing the sensitivity of a cold damped capacitive accelerometer developed for fundamental physics applications in space [1] [2] [3] . In this measurement system, feedback loops are used to keep the proof mass perfectly centered in the accelerometer cage and to damp its motion without adding the thermal fluctuations which would necessarily accompany a passive damping. With this technique, fluctuations are reduced to an effective temperature well below the operating temperature [4] . The cold damping technique is known to be compatible with very high sensitivities of the measurement [5] . However the question of ultimate sensitivities compatible with the existence of quantum fluctuations remains open. This question is important not only for a better understanding of the instrument but also for the long term purpose of an improvement of its performances. For earth based detection of gravitational waves, highly effective motion isolation and feedback controlled noise reduction is developped [6, 7] . The cryogenic accelerometers planned for future space mission such as LISA will require very low noise levels and they use cryogenic techniques.
Relations between fluctuations and dissipation have been first discovered by Einstein which studied the viscous damping of mechanical systems [8] . Another important application was the study of Johnson-Nyquist noise in resistive electrical elements [9] . These general thermodynamical relations were widely studied in the framework of linear response theory [10, 11] . In the limit of a null temperature, they reproduce quantum fluctuations required by Heisenberg inequalities [12] . Important progress have been made during the last two decades towards a better control of the effect of quantum fluctuations on ultrasensitive measurements [13, 14] . It has been shown that it was possible to bypass the limitations usually associated with quantum noise by using back action evading measurements or quantum non demolition techniques [15] [16] [17] [18] . Fluctuations associated with amplification were also extensively studied [19] [20] [21] ; they determine the ultimate performance of linear amplifiers [22, 23] and they may be used to reduce inloop quantum fluctuations with feedback [24, 25] .
In the present paper we will study this kind of measurement systems by using a systematic approach which may be termed as "quantum network theory". Initially designed as a quantum extension of the classical theory of electrical networks [26] , this theory was mainly developed through applications to optical systems [27, 28] . It can be viewed as a generalization of the linear response theory [29] and is also fruitful for analysing non-ideal quantum measurements with active elements [30] as soon as a quantum theory of ideal operational amplifier is available [31] . The main features of this approach are recalled in section 2.
Here, this theory will be illustrated by a study of an electromechanical measurement system comprising active and dissipative components coupled to a capacitive position sensor. The parametric nature of the electromechanical coupling allows the use of a frequency transfer technique in order to eliminate the influence of the 1/f noise in the electric part of the device. Active elements are used for preamplifying the position sensing signal to a readable level as well as for controlling the mechanical motion through a feedback loop. The main features of the cold damped capacitive accelerometer are described in section 3. Then the capacitive sensor is analysed in absence of servo control in section 4 and in presence of servo control in section 5. These results are used in section 6 to evaluate the ultimate sensitivity of the measurement system, which is found to be essentially determined by the free mechanical impedance of the proof mass and the ratio of the frequencies involved in the frequency transfer performed by the transducer.
II. NOISE IN ELECTROMECHANICAL SYSTEMS
In this section we present the basic elements of the quantum network approach. Quantum and thermal fluctuations in dissipative and active systems are all described in terms of quantum fields. All the descriptions are given in the frequency domain and the convention of quantum mechanics is used for the Fourier transform. The electronics convention may be recovered by substituting j to −i.
In a quantum network approach, the various fluctuations entering the system, either by dissipative or by active elements, are described by input fields in noise lines coupled to a reactive network (see Figure 1) . In particular, a resistance R p is modeled as a semiinfinite coaxial line p with characteristic impedance R p . The voltage U p and current I p associated with the resistance are the inward and outward fields p in and p out evaluated at the end of this line
These equations may be written equivalently
The first equation in (2) is the standard current-voltage relation for a resistance with the Johnson-Nyquist noise described as the input fields p in going to the end of the line. The second equation gives the output fields p out emitted back to the line. In the following, these fields are used either to feed other elements of the system or to perform a measurement by extracting information from the system of interest through a line considered as the detection channel.
Input fields p in are described as free fields in a twodimensional quantum field theory. They obey the standard commutation relation of such a theory
where ε (ω) denotes the sign of the frequency ω. This relation just means that the positive and negative frequency components correspond respectively to the annihilation and creation operators of quantum field theory. Input fields corresponding to different lines commute with each other. For simplicity, the fields incoming through the various ports are supposed to be uncorrelated with each other. The interaction with non linear reactive elements are linearized around the working point of the system. With the whole network is then associated a scattering S matrix, also called repartition matrix, describing the tranformation from the input fields to the output ones. The output fields p out are also free fields which obey the same commutation relations (3) as the input ones. Hence, the S matrix must be unitary in order to preserve the field commutation relations.
Input fluctuations are characterized by a noise spectrum σ in pp with its well-known expression for a thermal equilibrium at a temperature T p
The symbol '·' denotes a symmetrized product for quantum operators and k B is the Boltzmann constant. The energy per mode will be denoted in the following as an effective temperature
This effective temperature k B Θ p reproduces the zero point energy |ω| 2 at the limit of zero temperature and the classical result k B T p at the high temperature limit. The output fields are also characterized by noise spectra σ out pp which are different from those associated with input fields, due to the interaction with the system. In fact the analysis of the measurement sensitivity essentially consists in an evaluation of these functions.
In the capacitive sensor used in the accelerometer, a frequency transposition technique is used to reduce the 1/f electrical noise. The mechanical signal at frequency Ω is imprinted on the sidebands ω t ± Ω of an electrical carrier oscillating at frequency ω t . Such a signal is described by quadrature components
Assuming that ω t Ω, the noise spectra of these quadratures is given by
where Θ p is evaluated from (5) for a frequency equal to ω t . The previous discussion of electrical elements is easily extended to include mechanical elements. A mass damped by a viscous force is described by equations similar to (1)
or equivalently
In these equations, H m is the friction coefficient, V m the velocity of the mass, F m the force acting on the mass, Ω the mechanical frequency and m in and m out are input and output quantum fields in an equivalent mechanical line m. In particular, the fluctuating Langevin force is proportional to the input fluctuations m in . The free fields m in and m out obey the same commutation relation (3) as for electrical lines and an effective temperature is defined as in (5) 
The description of fluctuations in active elements requires further developments. In the present paper, attention is restricted to active elements built on ideal operational amplifiers working in the limits of an infinite input impedance, a null output impedance and an infinite gain. Such an amplifier is described as a quantum network connected to the left (input) port, the right (output) port and two lines needed to describe these noise generators associated with the amplifier [31] . The equations of the amplifier, schematized on Figure  2 , are read as
U l and U r are the voltages at the left and right ports, I l the current at the left port, I f the current across the reactive impedance Z f (Re Z f = 0) used to adjust the transimpedance gain of the amplifier. The voltage noise and current noise associated with the amplification are described by two fields a in and b in which verify the free field commutation relation (3). The field b in appears in the equation after a conjugation which interchanges annihilation and creation operators. The presence of such a conjugation, already known for linear amplifiers [22, 23] , plays an important role when commutators are evaluated. It can be forgotten when symmetrized correlation functions are computed and will be considered as implicit in forthcoming equations. In (11), the impedance R a , which characterizes the amplifier noise, is derived from the ratio of the voltage and current noises
These fluctuations have been assumed to be phaseinsensitive, i.e. to be the same for any field quadrature. Although these assumptions are not mandatory for the forthcoming analysis, the impedance R a is considered as constant over the spectral domain of interest and the effective temperature Θ b is taken equal to Θ a .
III. GENERAL DESCRIPTION OF THE ACCELEROMETER
The capacitive accelerometer operation is presented on Figure 3 .
The accelerometer is designed to detect the motion of the frame A.F. defined by the accelerometer cage with respect to an inertial frame I.F. Any acceleration, seen as an inertial force F acting on the proof mass M , is detected by a capacitive sensor CS. The signal of this sensor is used for the force detection D as well as for keeping the mass centered with respect to the cage through a servo-control loop SL.
The instrument is designed to detect the acceleration of the accelerometer cage due to any external force. To this aim the relative motion of the proof mass M with respect to the frame defined by the cage is measured by the capacitive sensor. An important characteristics of the mass is its free mechanical impedance determined by a restoring force to the center of the cage with a stiffness K and a viscous damping with a coefficient H m . Depending on the physical origin of these effects, K and H m may be frequency dependent.
Dedicated to space applications, the accelerometer operation is based on the electrostatic suspension of the proof mass in all spatial directions. Hence, the mass is kept centered with respect to its cage through 3 servocontrol loops demanded at least for stability (Earnshaw theorem). The acceleration signal is in fact extracted from the knowledge of the electrostatic force necessary to maintain the mass centered. In the real device, the control of position and attitude is performed by six servocontrol channels acting separately. For simplicity, only one of the channels, corresponding to a translation degree of freedom, is analyzed in this paper.
FIG. 4.
Scheme of the capacitive sensor. The proof mass is placed between two electrodes. The position dependent capacitances are polarized by an AC sinewave source which induces a mean current at frequency ωt in the symmetrical mode. The mass displacement is read as the current induced in the antisymmetric mode. An additional capacitance C2 is inserted to make the antisymmetric mode resonant with ωt. The electrical losses due to the quality factor of the transformer are modeled as a resistance R l for the antisymmetric mode. The signal is detected after an ideal operational amplifier with capacitive feedback C f followed by a synchronous demodulation (not represented on this picture). The impedance of the detection line plays the role of a further resistance Rr. The detected signal then feds the servo loop used to keep the mass centered with respect to the cage.
As depicted on figure 4, the proof mass is placed between two symmetric electrodes supported by the instrument cage which create two position dependent capacitances. When the mass is centered in its cage, both capacities are equal and the capacitance bridge is balanced. A displacement of the mass creates an asymmetry of the bridge detected thanks to a differential transformer and a pumping signal applied on the mass. Conversely, voltages applied on these electrodes allow to exert electrostatic forces on the mass. Capacitances are thus used for position sensing as well as for generating the suspension force. Coupling between the primary and secondary coils of the transformer being assumed ideal, the transformer can be replaced by the equivalent circuit presented on Figure 5 . It is considered from now on that this transformation has been performed and the circuit impedances redefined accordingly. The capacitances are polarized by an AC source of frequency ω t which is chosen large enough for avoiding electrical 1/f noise and for using low noise electronics. The sinewave source E t induces current at frequency ω t in the transformer symmetrical mode. In this static and symmetric configuration, the current in the antisymmetric mode is zero and the fluctuations of the two modes are uncoupled. Then a motion of the proof mass at frequency Ω induces an asymmetry in the system and creates sidebands on this electrical carrier ω t . The effect of this asymmetry will be treated in a linear approximation with respect to the deviations from the steady state equilibrium. The current induced in the antisymmetric mode is thus proportional to the current in the symmetrical mode and to the mass displacement. With this approximation, the fluctuations of the symmetrical mode remain uncoupled to the antisymmetric mode and to the mass motion. This is why the symmetric mode will be disregarded in the following. In order to optimize the signal to noise ratio, an additional capacitance C 2 is inserted which makes the antisymmetric mode resonant with ω t . The electrical losses are mainly due to the quality factor of the transformer and they are modeled by a resistance R l for the antisymmetric mode.
The signal imprinted on the antisymmetric mode is detected after an ideal operational amplifier with capacitive feedback (charge amplifier) followed by a synchronous demodulation. This provides a low frequency voltage proportional to the displacement of the mass. In a quantum network approach, the signal is delivered by the capacitive sensor as the output field of a detection line the impedance of which plays the role of a further resistance R r . The description of the sensor is given in more detail in the next section. This signal is used to feed the servo loop and keep the mass at its equilibrium. Through the mass motion, it contains information on the external forces acting on the mass. The noise added by the measurement device to the measured observable is evaluated in the next sections, by considering input fluctuations coming from all noise lines in the quantum network model of Figure 6 . It is in fact impossible to reach a stable equilibrium with a passive electrostatic configuration. This is why the mass is actively maintained at its equilibrium position by the generated electrostatic forces tailored through the servo-control loop. The feedback control includes a proportional and a derivation term. The generated electrostatic force proportional to the measured mass displacement defines the servo-loop stiffness and, more or less, the measurement bandwidth of the accelerometer. The force proportional to the mass velocity introduces a motion damping to the benefit of the control loop stability. This technique of active friction is equivalent to an effective damping with reduced fluctuations in comparison to those necessarily associated with a passive mechanical damping. This is why it is called a cold damping technique. It will turn out that the added fluctuations may even be smaller than the fluctuations associated with the residual mechanical friction although the latter is much less efficient than the active friction.
IV. THE CAPACITIVE SENSOR
In this section the capacitive sensor is analyzed in the absence of servo control loop, with the equivalent electrical circuit of figure 5 .
For a mass motion to be detected at frequency Ω, the signal is transposed by the electromechanical transducer to sidebands ω = ±ω t + Ω of the carrier frequency ω t . The electrical quadratures are defined as in equations (6) and they are dealt with separately so that the transducer appears as a three port network. The first port is a mechanical one and corresponds to the velocity V fr of the free running proof mass and the force F exerted on it. The two other ports are electrical ones with the voltages U t,n and currents I t,n of the two quadratures n = 1, 2. The three port network is described by an electromechanical impedance matrix
iK Ω − iM Ω is the reactive part of the mechanical impedance of the proof mass expressed in terms of mass M and stiffness K. Z t is the electrical impedance evaluated at both frequencies ±ω t + Ω for a resonant circuit tuned at the polarization frequency ω t . κ t is an electromechanical coupling constant proportional to the amplitude of the field created by the sinewave electrical source applied to the mass. This impedance matrix shows that the mechanical motion can be detected through the electrical quadrature 2 whereas it is unaffected by the fluctuations coming through this port. Meanwhile the mechanical motion is affected by the input fluctuations of the electrical quadrature 1. These features, typical of a quantum non demolition coupling between electrical and mechanical elements, is discussed in more detail in [30] . Fluctuations associated with losses are taken into account as the input fields l in coming to the transducer through the electrical line of impedance R l as in equation (2) and as the input fields m in coming through the mechanical line of impedance H m as in equation (8) . The external force F ext to be detected comes as a mean field superimposed to the fluctuations m in so that the equation of motion of the free running mass may be written
Ξ m is the full mechanical impedance of the proof mass in its free running regime, now including not only the reactive part but also the damping coefficient H m . The voltage and currents fluctuations associated with the amplifier have then to be considered. In the configuration studied here, equations (11) are replaced by
with C f the capacitor in the feedback loop of the amplifier. To complete the set of equations associated with the electromechanical transducer, the detected signal is the output field r out which comes out from the line r of impedance R r and is therefore related to the voltage U r as in equation (2).
Equations (13) (14) (15) may be solved to obtain the output field as well as the mass velocity. The latter quantity is expressed in terms of the input fields (α labels the input noise lines m, a 1 , a 2 , b 1 , b 2 , r 1 , r 2 , l 1 , l 2 ; see Figure 6 )
The velocity of the proof mass coupled to the electromechanical transducer thus appears as a linear combination of the external force F ext to be measured and of input fields in the noise lines associated either with dissipative elements or with active ones. A number of coefficients λ α are null as a consequence of our symplifying assumptions, in particular the assumption of the ideal operational amplifier. There remain only two contributions to be discussed. The first corresponds to the Langevin force fluctuations associated to the mechanical damping and proportional to fields m in . The second one comes from the voltage noise at the input of the amplifier which is transformed to a back action force exerted on the mass by the capacitive transducer. Accordingly, the noise spectrum characterizing the velocity fluctuations is the sum of two contributions which depend on the effective temperatures Θ m and Θ a associated respectively with the mechanical and the amplification noise through (10) and (5) 
The output signal r out 1
is then evaluated by solving the same equations (13) (14) (15) . As the velocity, it is a linear combination of the external force F ext and of input fields in the various noise lines. When the expression of r out 1 is normalized so that the coefficient of proportionality appearing in front of F ext is reduced to unity, the force estimator F ext is just the sum of this external force to be measured and of the equivalent input force noise
The coefficients µ α are found to be
The comparison of equations (16) and (19) shows that all the terms λ α of the expression (16) are found present in (19) . The additional terms are interpreted as the electrical noise due to the detection process. The force estimator (18) can then be rewritten as
where Ξ m V fr is given by (16) while Ξ m V se collects all the other terms appearing in (19) . Because of the normalization (18), these terms can be identified as those which are proportional to Ξ m . Physically, they represent the sensing error. They involve amplifier current and voltage noise as well as Nyquist noise associated to the loss and detection electrical lines. Since the amplifier voltage noise is present in both contributions Ξ m V fr and Ξ m V se , it follows that these two contributions are not independent sources of noise. The sensor noise spectrum Σ F F , i.e. the noise associated with fluctuations of F ext − F ext , is now expressed as
As a consequence of the preceding discussion, this added noise spectrum can be written
The first two terms correspond to the noise spectrum of the velocity, the terms proportional to the factor |Ξ m | 2 represent the noise added by electrical detection. Finally the last line describes the result of the interference between these two contributions.
V. THE COLD DAMPED ACCELEROMETER
The cold damped accelerometer consists in the sensor studied in the preceding section and the feedback loop used to generate the voltages applied on the electrodes to control the mass motion.
The motion is measured through the sensor signal r out 1 previously described after a synchronous demodulation.
The feedback force applied for controlling the motion of the mass is obtained through a low frequency amplifier.
The set of equations describing the complete accelerometer is the same as in the previous section (13-15) except for the equation of the proof mass motion (14) which is now read as
V cd now denotes the velocity of the proof mass in presence of the cold damping. The term G s r out 1 represents the feedback action on the mass with the whole gain of the servo loop denoted G s . The impedance of the detection line r is assumed to be small R r |Z f | so that its contribution is negligeable. It is therefore equivalent to add a feedback proportional to r out or proportional to the output voltage of the amplifier U r . F in s are the force fluctuations due to the active and passive elements used to generate the servo control force.
The solution of these equations yields the velocity of the cold damped mass
The servo loop produces an effective mechanical impedance Ξ me written as the sum of a damping term H me and a restoring force of stiffness K me , both parameters being frequency dependent. In particular K me can include the effect of an integrator term in the feedback corrector. This term ensures the motionlessness of the mass at very low frequencies to the benefit of the instrument accuracy. The noise terms λ α α in represent the fluctuations due to the input fields α in as in the previous section. In addition, there are noise terms λ β β in added by the active and passive elements in the servo loop.
Let us consider now the actual instrument case where the effective mechanical impedance Ξ me is much larger than the free mass impedance Ξ m
These conditions are fully compatible with the stability of the feedback as evaluated in the design and demonstrated with the real instruments [1] [2] [3] . In the equations of motion written previously, this case corresponds to the limit of an infinite loop gain
Then, the noise terms λ β β in coming from the servo loop scale as √ G s . Hence their effect on velocity scales as
so that they may be forgotten in (24) . This only means that, as well known, the dominant noise sources are those associated with the first amplification stage, here the terms λ α α in . The velocity (24) stabilized by the feedback loop is now read as
Since the servo loop efficiently maintains the mass at its equilibrium position, the velocity is no longer affected by the external force F ext . However the sensitivity to external force is still present in the correction signal which will be discussed later on. The residual motion of the mass is described by the various noise terms λα Gs α in . The values of these coefficients are easily interpreted through a comparison with the force estimator (18) evaluated in the preceding section for the capacitive sensor. The cold damped motion of the proof mass is indeed described by the simple equation (29) where V se is the difference between the real velocity of the mass and the velocity measured by the sensor. This means that the servo loop efficiently corrects the motion of the mass except for the sensing error V se .
With the same set of equations (13-15 with 23 replacing 14), the output field r out 1 is evaluated and exploited as a measurement of the external force. As in the previous section, this output field is normalized so that the force estimator F ext appears as the sum of the real force and of an equivalent force noise
This expression is similar to the estimator (18) evaluated for the free mass although the free impedance Ξ m has been replaced by the effective impedance Ξ me . A quite remarkable result is then obtained. In the limit of the infinite loop gain and with the same approximations as above, the expressions of the coefficients µ α are exactly the same as those (19) corresponding to the open loop case. The expression of the force estimator F ext is the same as in the free case while the expression of the velocity is quite different. The actual motion of the mass is indeed independent of the external perturbations in the servo control case with the velocity determined by the sensor noise (29).
It is in fact possible to reexpress the force estimator (30) as the sum of two terms
The first term is exactly the same as the actual motion (16) of the free running mass. It is the sum of the external force F ext and of the force fluctuations exerted on the mass in the absence of servo control, namely the mechanical Langevin force and the back action force due to the sensor. The second term is the actual velocity (29) of the mass that is also the already discussed sensor error. Once again, these two terms are correlated since both depend on the same amplifier voltage noise. The expression of the noise spectrum Σ F F is not reproduced here since it is exactly the same (22) as in the open loop case.
VI. DISCUSSION
The results obtained in the two previous sections allow to evaluate the performance of the cold damping technique for a wide range of experimental parameters and for all temperatures. In this concluding section, we want to discuss these results by focussing our attention on the present state-of-the-art instrument as well as on ultimate sensitivity limits which can be reached in the future with such an accelerometer.
The noise spectrum for the velocity of the proof mass in its free running regime may be rewritten
The parameter ∆ measures the reactive impedance of the free mass as compared to the dissipative one
The electrical resistance R m allows to express the mechanical damping coefficient H m through the conversion relation
With this definition, the ratio Ra Rm allows to compare the electrical and mechanical noises in (32).
The noise spectrum σ VseVse for the sensing error V se , which is also the noise σ V cd V cd for the velocity V cd of the proof mass in the cold damped regime, is expressed in a similar form
The sensing error is minimized by diminishing the fluctuations coming from the electrical noise lines, that is when the transducer impedance Z t , the feedback impedance Z f and the loss impedance R l are chosen high enough. The transposition ratio
appears as a common factor which greatly helps in keeping this error low.
The two contributions (32) and (35) are added in the whole added noise spectrum Σ F F together with a third term σ V fr V cd
This term is also reduced when the feedback impedance Z f is large. Let us evaluate the whole noise spectrum Σ F F for the specific case of the instrument proposed for the µSCOPE space mission devoted to the test of the equivalence prin- 
Taking into account the integration time of the experiment, this is consistent with the expected instrument performance corresponding to a test accuracy of 10 −15 . In the present state-of-the-art instrument, the sensitivity is thus limited by the residual mechanical Langevin forces. The latter are due to the damping processes in the gold wire used to keep the proof mass at zero voltage [3] . With such a configuration, the detection noise is not a limiting factor. This is a remarkable result in a situation where the effective damping induced through the servo loop is much more efficient than the passive mechanical damping. This confirms the considerable interest of the cold damping technique for high sensitivity measurement devices.
Future fundamental physics missions in space will require even better sensitivities. To this aim, the wire will be removed and the charge of the test mass will be controlled by other means, for example UV photoemission.
The mechanical Langevin noise will no longer be a limitation so that the analysis of the ultimate detection noise will become crucial for the optimization of the instrument performance. This also means that the electromechanical design configuration will have to be reoptimized taking into account the various noise sources associated with detection.
In order to evaluate these added noise sources we consider the whole noise spectrum obtained by taking into account the spectra (32), (35) so that there exists an optimum value for R a . In contrast, the noise is always lowered by reducing the electrical losses with large values for the impedances Z t , Z f and R l and low values for R r .
In these limits, the added noise spectrum Σ F F takes a simple form
This final result is optimized by matching the values of the impedances R a and R m so that
This is the sum of the already discussed limit associated with mechanical Langevin fluctuations and of a second term which represents the ultimate detection noise. The first contribution dominates the second one for the present state-of-the-art instrument but this will no longer be the case for future instruments designed for better performance tests of the equivalence principle. For such instruments, equation (42) shows that the sensitivity may be largely improved.
